Accumulation and metabolism of purine alkaloids in leaves of maté (Ilex paraguariensis) were investigated. In winter, leaves accumulated caffeine but not theobromine, indicating that caffeine is the end product of purine alkaloid synthesis in maté. To elucidate the purine alkaloid metabolism in maté leaves, the metabolic fate of [8-14 C]theobromine, [8-14 C]theophylline, [8-14 C]caffeine and [8-14 C] xanthine was investigated in the leaf disks of young and mature leaves. In young maté leaves, significant amounts of theobromine and theophylline were utilized for caffeine biosynthesis, but the conversion was not observed in mature leaves. A small amount of theophylline was converted to theobromine. Practically no caffeine catabolism was detected in maté leaves during a 24 hincubation. Catabolism of theobromine and theophylline via 3-methylxanthine was observed mainly in mature leaves. Xanthine was catabolised extensively via ureides in both young and mature leaves, but limited amounts are also utilized for the synthesis of theobromine, theophylline and caffeine. Possible pathways for the metabolism of purine alkaloids in maté leaves are discussed.
Purine alkaloids, also referred to as methylxanthines and methyluric acids, are found in leaves of a limited number of plant species including coffee (Coffea arabica), tea (Camellia sinensis) and maté (Ilex paraguariensis). The biosynthesis of the purine alkaloids from purine nucleotides in maté leaves has been investigated in tracer studies that have utilised radiolabelled precursors, [8] [9] [10] [11] [12] [13] [14] C]adenine, [8] [9] [10] [11] [12] [13] [14] C]guanine and [8-14 C] inosine [1] . The results indicated that caffeine biosynthesis is only found in young leaves and an AMP → IMP →XMP → (or GMP → guanosine) → xanthosine → 7methylxanthosine →7-methylxanthine → theobromine → caffeine pathway is operative. This pathway is essentially the same as that which occurs in other purine alkaloid-forming plants [2] [3] [4] [5] [6] [7] [8] .
Many reports have been published about the concentration of purine alkaloids in young maté leaves that are used to produce the beverage [9] [10] [11] [12] . For example, Clifford and Ramirez-Martinez [13] reported that the concentrations of caffeine and theobromine in dried maté leaves were 0.9-1.7% and 0.5-0.9% of the dry weight, respectively. These results suggest that sizable amounts of theobromine are present together with caffeine and it is interesting to know if a single or separate purine pools are involved in the biosynthesis of the two purine alkaloids.
In the present study with maté, we initially investigated whether theobromine is accumulated as an end product or is a transient intermediate of caffeine biosynthesis. We collected leaves at three different stages of development from a maté tree in winter (December) and endogenous levels of purine alkaloids were investigated. The concentration and content of purine alkaloids were compared in small leaves (stage 1) in the top, and developed leaves (stage 2) in the middle position of the shoot emerged in the summer in the same year, and old leaves (stage 3) from more than 1-year-old shoots. The purine alkaloid composition of winter leaves of maté was determined using HPLC with absorbance detection at 270 nm (Figure 1). Caffeine (peak 4 in Figure 1 ) was the only purine alkaloid in maté. Another three peaks (peaks 1-3) were detected at 270 nm, but the absorbance spectra of these peaks were completely different from those of purine alkaloids. Concentration of caffeine expressed as g FW and content of caffeine per leaf are shown in Figure 2 . The concentration of caffeine was almost constant (31.2-33.8 nmol/g FW). These values corresponded to 1.9 ± 0.4 % of dry weight. The values are either higher or similar to those reported by other investigators [13] [14] [15] [16] [17] . The caffeine content of leaves increased in parallel with leaf enlargement. No theobromine was detected in winter leaves at any stage of development. The results suggested that caffeine, but not theobromine is the end product of purine alkaloids in mate, as shown in tea and coffee. The accumulation pattern is different from cacao leaves which accumulate theobromine as a major end product [8] .
Subsequently, we investigated the metabolism of purine alkaloids and xanthine in summer leaves of maté. Little is known about purine alkaloid metabolism which involves inter-conversion, degradation and/or salvage (reutilization for caffeine synthesis) in maté. In a series of comprehensive studies on purine alkaloid metabolism, we have studied the metabolism of [ [18] , coffee (Coffea arabica) [19] and cacao (Theobroma cacao) [20] . In the present study, we investigated the metabolism of these four purine derivatives in young and mature leaves of maté.
The 14 C-labelled compounds were administered to the leaf disks of pale green young leaves and fully-developed mature leaves from a maté tree and incubated for 24 h. Total uptake of precursors by the leaf disks was calculated by summation of the radioactivity found in the perchloric acid (PCA)-soluble and PCA-insoluble fractions and CO 2 , and shown in Figure 3 . Theobromine was taken up fastest by young leaf segments (102 nmol g FW -1 ), but the rate was reduced in mature leaf segments (42 nmol g FW -1 ). Uptake of theophylline was also decreased in mature leaves, but no significant reduction was observed with either caffeine or xanthine. In young maté leaves, more than 30% of the radioactivity from [8-14 C]theobromine was incorporated into metabolites; the most heavily labelled metabolite was caffeine (25%), followed by 3-methylxanthine (5%). Limited amounts (<1%) were found in CO 2 and PCA-insoluble compounds ( Figure 4A ). In mature leaves, ~20% of [8-14 C]theobromine was converted to catabolites, namely 3-methylxanthine (13%) and CO 2 (7%). Small amounts of radioactivity (1%) were found in the insoluble fraction, which could not be analysed further because of the low level of radioactivity.
In young maté leaves, considerable amounts of radioactivity from [8-14 C]theophylline were found in caffeine (31%), theobromine (5%) and 3-methylxanthine (1%). Lesser amounts (<1%) were found in xanthine, ureides (the sum of allantoin and allantoic acid) and CO 2 ( Figure 4B ). In mature leaves, only <20% of theophylline was metabolized, and the radioactivity was found in theobromine (7%), 3 methylxanthine (3%), ureides (7%) and CO 2 (2%).
When [8-14 C]caffeine was administered and incubated for 24 h, >99% of radioactivity was retained in caffeine, but trace amounts of radioactivity (<0.2%) were detected in CO 2 and the PCA-insoluble fraction ( Figure 5A ). In contrast to caffeine, [8-14 C]xanthine taken up by the maté leaf segments was rapidly metabolised ( Figure 5B ). Large amounts of radioactivity were released as 14 CO 2 ; respectively, 56% and 63% in young and mature leaf disks. In young leaves, more than 15% of radioactivity was incorporated into purine alkaloids, namely theobromine (9%), caffeine (4%), 3methylxanthine (2%), and theophylline (1%). In contrast, no radioactivity was in caffeine, theophylline and theobromine in mature leaves, although small amounts were found in 7methylxanthine (2%) and 3-methylxanthine (1%).
The results of our previous paper [1] indicated that considerable amounts of radioactivity were incorporated into theobromine and caffeine when the segments of young maté leaves were incubated ]xanthine using similar leaf disks and the same experimental conditions. From these results possible metabolic pathways in maté leaves are elucidated. The outline of the metabolic pathways is illustrated in Figure 6 .
Caffeine biosynthesis from theobromine, theophylline and xanthine was detected in young maté leaves. Theobromine is, therefore, an intermediate of caffeine biosynthesis from purine nucleotides [1] , and the conversion of theobromine to caffeine is catalysed by 1Nmethyltransferase,the so-called caffeine synthase (EC 2.1.1.160).
Caffeine biosynthesis from theophylline is also found in tea leaves [18] , but not in coffee leaves [19] . The available evidence obtained from other species indicates that caffeine biosynthesis from theophylline can occur via a number of routes, namely: (i) directly by conversion of theophylline to caffeine; (ii) theophylline→ [21] [22] [23] . In routes (i) to (iii), 7methyltransferase reactions are involved in the conversion of theophylline to caffeine, 3-methylxanthine to theobromine and xanthine to 7-methylxanthine. In crude enzyme extracts from tea, 7-methyltransferase activity with theophylline and 3-methyxanthine has been demonstrated [21, 23] . In in situ experiments, xanthine to 7-methylxanthine has been found [19] . In route (iv), xanthine is converted to XMP and then enters the main biosynthetic pathway of caffeine biosynthesis. Activity of xanthine phosphoribosyltransferase, which catalysed the formation of XMP from xanthine, was recently found in tea extracts [24] .
3-methylxanthine
It has long been believed that the pathway via theobromine is the major one for caffeine biosynthesis, because theobromine is temporarily accumulated both in 14 measurements of the endogenous level of purine alkaloids [1, 8] . However, temporary accumulation of theophylline does not occur if the velocity of theophylline synthesis (by N1 or N3 methyltransferase) is slower than that of caffeine synthesis (N7 methyltransferase). Small amounts (0.02%) of theophylline have been reported in young maté leaves [14] .
To date, a gene which encodes xanthosine N7-methyltransferase (=7-methylxanthosine synthase, EC 2.1.1.158) has been detected only in coffee plants. The coffee enzyme has narrow substrate specificity and only uses xanthosine as a substrate. Therefore, substrate specificities of 7N-methyltransferase in tea and maté which possess the caffeine biosynthetic pathway from theophylline might be different from that of the coffee enzyme. Information on the genes and enzymes related to purine alkaloid synthesis remain to be resolved.
Caffeine is apparently not degraded in maté leaves during the incubation time, and thus 7N-demethylase activity seems to be extremely low. Similar results have been obtained in leaves of tea [18] and coffee [19] . Although caffeine catabolism was not observed, some radioactivity from [8-14 C]theobromine and [8-14 C]theophylline was found in 3-methylxanthine, ureides and CO 2 . Thus, purine alkaloids are catabolised via 3-methylxanthine in maté leaves ( Figure 6 ). Mazzafera [25] also found that 3methylxanthine, but not 7-methyxanthine, was involved in theobromine catabolism in Coffea dewevrei. Xanthine derived from 3-methylxanthine seems to be further degraded by a conventional purine catabolic pathway, xanthine → uric acid → allantoin → allantoic acid → ureidoglycine → ureidoglycolic acid → glyoxylic acid [26] [27] [28] .
The results of [8-14 C] xanthine in young and mature leaves are in accord with expectations that xanthine is a direct precursor of purine catabolism in maté leaves.
In addition to normal metabolites, a small amount of radioactivity from [8-14 C]xanthine (1.7%) was observed in 7-methylxanthine in mature maté leaves. In coffee leaves, conversion of xanthine to 7-methylxanthine was observed when [2-14 C]xanthine was applied with allopurinol, an inhibitor of xanthine dehydrogenase/oxidase [19] . Although the participation is very limited, some plant species may have a potential to form 7-methylxanthine from xanthine either directly or indirectly.
From the results, it is concluded that caffeine is accumulated in maté leaves as the end-product of purine alkaloids. In addition to the major biosynthetic pathway of caffeine biosynthesis via theobromine, the pathway(s) via theophylline is also operative in maté. The rate of caffeine catabolism is slow, because caffeine is accumulated in winter leaves and apparently no degradation of [8-14 C]caffeine is found.
Experimental

Plant materials:
A tree of maté (Ilex paraguariensis) was obtained from the Experimental Farm of the National Research Institute of Vegetables, Oriental Plants and Tea, Makurazaki, Kagoshima, Japan, and kept in a plant growth room at Ochanomizu University, Tokyo, Japan under natural light conditions at room temperature. For the determination of endogenous purine alkaloids in winter leaves, we collected 3 different stages of leaves from the maté tree in December. Small (~70 mg FW) and middle size (~130 mg) leaves from the top and middle positions of the shoot emerged in summer, and large size (~190 mg) leaves from the old shoot were used for the experiments. For the 14 C-tracer experiments, young, emerging bright-green leaves (~50 mg FW) and dark-green mature leaves comprising the fully expanded second and third leaves below the apex (~110 mg FW) were collected from the same tree in early July and used as experimental materials. 
Chemicals
Analysis of purine alkaloids by HPLC:
The methods are essentially the same as described in our earlier paper [20] , with slight modification. Segments of maté leaves (~100 mg) were left in boiling distilled water (5 mL) for 10 min and then moved to a mortar and ground. The homogenates were centrifuged at 20,000 x g for 10 min and the supernatant was collected. The water-soluble compounds were filtered using a disposable syringe filter unit (DISMIC-3CP, Advantec, Tokyo, Japan), and aliquots (10-20 μL) were used. HPLC was carried out with a Shimadzu LC 10A HPLC system, using a ODS Hypersil column (250 mm x 4.6 mm, id, Purine alkaloid metabolism in maté Natural Product Communications Vol. 10 (5) 2015 711 particle size 5 μm, pore size 120Å, Thermo Electron Corporation, Bremen, Germany). Elution of metabolites was performed at a flow rate of 1mL min −1 for 40 min with a 0-40% gradient of methanol in 1% acetic acid solution (0-25 min: 0-40% linear gradient; 25-40 min: 40%). Absorbance was monitored using a Shimadzu Diode Array Detector, type SPD-M10A (Shimadzu Corp., Kyoto, Japan). The retention times (min) of standard alkaloids were as follows: theobromine (24.9), theophylline (28.7), and caffeine (34.8).
Administration of 14 C-labelled compounds:
Maté leaves were sterilized with 1% sodium hypochlorite for 10 min and then rinsed 3 times with sterilized distilled water. Leaf segments (4 mm × 4 mm) were prepared on a clean bench and used for the 14 C-tracer experiments. Administration of [8-14 C] labelled compounds to the leaf disks and analysis were carried out as described in a previous paper [18] . The leaf segments (~100 mg FW) were placed in 2.0 mL of 30 mM potassium phosphate buffer (pH 5.6) containing 10 mM sucrose in the main compartment of a 30 mL Erlenmeyer flask. The flask was fitted with a glass tube containing a piece of folded filter paper that had been impregnated with 0.1 mL of 20% KOH in the center well. Each reaction was started by adding 10 μL (37 kBq) of a solution of 14 C-labelled compounds to the main compartment of the flask. The flasks were then incubated in an oscillating water bath for 24 h at 27ºC.
Extraction of 14 C-metabolites:
After incubation, the glass tube was removed from the centre well and placed in 50 mL-conical flask containing 10 mL distilled water. At the same time, the leaf segments were harvested using a tea strainer and washed with distilled water, frozen with liquid N 2 , and then stored at -80ºC prior to extraction. The filter paper, containing CO 2 trapped as potassium bicarbonate, was soaked overnight in distilled water (10 mL), and aliquots of the resulting solution (usually 0.5 mL) were used for determination of radioactivity recovered as 14 CO 2 . Radioactivity of solution was measured using a liquid scintillation counter (Beckman, type LS 6500, Fullerton, CA, USA) with a liquid scintillation fluid ACS-II (GE Healthcare, Tokyo, Japan). 14 C-labelled metabolites were extracted and analyzed as described in our earlier paper [29] , with a slight modification. Frozen samples were homogenised in ice-cold 6% perchloric acid (PCA) solution using a mortar and pestle. The homogenate was centrifuged at 12,000 g for 7 min, and then the supernatant was collected. The extraction was repeated 3 times. The 14 C-labelled metabolites extracted with 6% PCA were combined, neutralized with 20% KOH, and centrifuged briefly to remove potassium perchlorate as a precipitate. The neutralized PCA-soluble fractions were lyophilized and dissolved in a small amount of 50% ethanol. The concentrated PCA-soluble metabolites were fractionated by TLC on microcrystalline cellulose plates (200×200 mm, Merck, Darmstadt, Germany) using the solvent system n-butanol: acetic acid: water (4:1:2, v/v). The R f values of allantoic acid, allantoin, xanthine, 7-methylxanthine, 3-methylxanthine, 1-methylxanthine, theobromine, theophylline and caffeine were 0.27, 0.30, 0.35, 0.45, 0.47, 0.57, 0.59, 0.68 and 0.78, respectively [22] . The distribution of 14 C in individual spots was determined using a Bio-Imaging Analyzer (Type, FLA-2000, Fuji Photo Film Co., Ltd. Tokyo, Japan).
TLC analysis of individual 14 C-metabolites:
